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Abstract 
The concept of geological CO2 storage relies on the capability of the storage site to contain the gas within its 
intended location. Leakage on a large scale will render the capture, transport and injection processes futile. Flow 
paths enabling stored CO2 to re-enter the atmosphere can either be caused by geological conditions (e.g. failed 
caprock integrity) or it can be related to failed integrity of wells that penetrate the reservoir. Leakage along wells, 
which can occur through the cement porosity, through cracks in cement or along the casing-cement or cement-
formation interfaces, has been appointed the "weak link" of safe and efficient geological CO2 storage. 
In the present work, the cement-formation interface has been studied in detail for various well situations in 
order to enable estimation of flow through this potential leakage pathway. Two rock formation types, Castlegate 
sandstone and Mancos shale, were cemented without the use of drilling fluids, with water based mud (WBM) at 
the interface and with oil based mud (OBM) at the interface. The motivation was to study the degree of adherence, 
or inversely the degree of debonding, of the well cement as a function of varying surface properties of the rock. 
The cement-formation interfaces were characterized by X-ray micro computed tomography (μ-CT), which 
enabled three-dimensional (3D) interface visualization and quantification. It was found that the interface porosity, 
defined as the volume of interface pores divided by the total sample volume, was strongly dependent on the surface 
properties of the rock. The cement-sandstone interface porosity was 0.06% without mud, 1.11% with WBM and 
0.35% with OBM. The cement-shale interface porosity was 0.69% without mud, 0.76% with WBM and 0.13% 
with OBM. This underlines that fluid choices made already during drilling affect the long-term sealing ability of a 
well – and thereby the success of a CO2 storage project. 
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1. Introduction 
The sequestration of CO2 into formations in the deep geosphere is a potential method for reducing greenhouse gas 
emissions without drastically changing our energy production and consumption. For this to be a successful 
disposal method, however, it is necessary to ensure that the CO2 remains safely underground for a long period of 
time. The timescale of storage should be sufficient to allow natural buffering processes (e.g. oceans and plants) to 
reduce the global atmospheric CO2 to acceptable levels, i.e. the gas should remain stored for thousands of years.  
Leakage of stored CO2 can be related to geological conditions (e.g. failed caprock integrity), or it can be related 
to failed well integrity of active or abandoned wells that penetrate the site. Petroleum wells normally consist of 
several nested concentric steel casing strings with decreasing diameters. Each smaller casing pipe extends deeper 
into the earth than the outer and larger ones. The annular spaces between the casings, or between casings and 
surrounding rock formations, are completely or partly filled with cement. When the decision is made to abandon 
such a well, discrete sections of the casing are usually milled away and filled with a suitable amount of cement [1]. 
This Plugging and Abandonment (P&A) procedure should in an ideal case leave solid and impermeable plugs of 
cement inhibiting migration of gas from the reservoir to the surface for eternity. Studies have, however, disclosed a 
large number of abandoned wells in depleted petroleum reservoirs with proven well integrity problems [2] [3]. 
When well integrity is difficult to maintain in such low-pressure reservoirs, the enhanced pressure accompanying 
CO2 injection is likely to aggravate the situation.  
Due to its extensive use as a well construction material, the condition of cement is vital for ensuring leak-free 
wells. Leaks in/along wells can occur between the cement and the casing [4] [5], through the cement itself [6, 7] or 
between the cement and the formation [8] [9]. The origins of these pathways can also be multiple, e.g. poor design 
of the cement slurry [10] [11], insufficient mapping of the downhole conditions [12] or poor execution of the 
cementing procedure [13]. In addition to these factors comes the condition of a well after several years of usage. If 
a depleted petroleum reservoir is intended to be used as the storage, there is an increased probability that the 
quality of the casing and cement inside the well has deteriorated [14] [15] [16]. Recent studies have also 
emphasized the insufficient properties of freshly cured cement for well construction purposes [17]. 
This work has focused on the bonding between the cement and wellbore rock formation. The goal of the work 
was to investigate how the degree of adherence, or inversely, the degree of debonding, of the cement is dependent 
on the surface properties of the formation. The latter was altered by using different rock types and applying 
different muds at the interface. Our work focused on quantifying the interface porosity between the cement and the 
formation in each situation, and visualizing in 3D the morphology, size and number density of pores at the 
interface. The interfacial flow path geometries were found to be complex, far from idealized annular spaces or 
spherical pores, and this input is important in order to realistically model gas/fluid flow through them. The work 
also demonstrated that the cement-formation bonding is strongly dependent on the type of mud at the interface, 
meaning that choices made already during drilling will affect the long-term sealing ability of a well – and thereby 
the success of a CO2 storage project. 
 
2. Experimental 
2.1Materials 
The cement used in the study was Portland cement class G provided by Norcem AS. The water used in the cement 
paste was of Trondheim municipality tap water quality. Two drilling fluids were used in the experiments; one 
water based mud (WBM) and one oil based mud (OBM). Two rock formations were used in the experiments; 
Castlegate Sandstone and Mancos shale. The Castlegate is an outcrop sandstone that consists of 70% quartz, 30% 
feldspar and small amounts of clay. The Mancos shale is an organic-rich type of cretaceous shale with porosity in 
the range of 6-8%. Its main constituents are silicate minerals (54%), clay minerals (24%) and carbonates (20%), 
and the sample used in this study was purchased from TerraTek Inc., Salt Lake City. Sandstone and shale plugs 
were used in the study to represent two common rock formations encountered in wells, the former as a relatively 
impermeable rock often found as a cap rock, and the latter as a more permeable formation. Their mineralogy, 
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porosity and permeability differs in such a way that makes it interesting to study how different surface properties 
affect the bonding to cement, and possibly the size, shape and amount of flowpaths. 
 
2.2 Sample preparation 
The rocks were first drilled into hollow cylinders of height 60 mm, outer diameter 70 mm and inner diameter of 30 
mm. Cement was thereafter poured into the hollow cavity of the rock cylinder. For the samples where the interface 
was altered with drilling fluids, the inner cylinder was filled with the respective drilling fluid and allowed to soak 
for 30 minutes. After 30 minutes the drilling fluid was removed and the rock was turned upside down for 5 minutes 
to leave a uniform film of drilling fluid on the interface. Since pressure was not used during the treatment with the 
drilling fluid, it is assumed that no filter cakes are formed, and thus, the rock interfaces studied herein are 
considered as best-case scenarios in terms of relevance to industrial practises. Also, in the case of low permeability 
shale, no such filter cake is expected while drilling through the formation. An illustration of the sample geometry 
with measures is given in Fig. 1. 
The cement slurries were prepared by mixing the dry cement powder with water at a water/cement mass ratio of 
0.40. The total volume of the cement paste was similar for all sample preparations. The mixing was performed 
with a hand held mixer. Thus, the mixing energy intensity is lower than the on-site preparation of the cement. 
However, this was compensated by increasing the mixing time. Equation (1) was used to compute the accumulated 
mixing energy input per unit mass (J/kg).  
 
2
/ k tE m
V
Z        (1) 
 
where k is a constant (6.10 × 10-11 m4/s), Ȧ is the rotational speed of the mixer, t is the time and V is the cement 
paste volume. By having a cement paste volume of 0.3 L, a mixing time of 10 minutes, and a rotational speed of 
approximately 200 rad/s, the accumulated energy input of the mixing procedure was approximately 5 J, a value 
which according to the literature [18] [19] should be sufficient to ensure proper deflocculation of the dry cement 
particles and facilitate hydration and build-up of the cement strength. 
 
 
Fig. 1. An illustration of the sample geometry with measures. 
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2.3 Sample characterization  
Micro computed tomography (μ-CT) is a non-destructive tomographic method where different cross-sections of a 
sample are exposed to X-rays. The technique has previously been successfully applied to study cement and rocks 
[20] [21]. Sample size strongly dictates the resolution that can be obtained by this technique [22], and the larger the 
specimen – the less detail is present in the obtained images. 
The applied μ-CT scanner in this work was the X-ray inspection system Nanotom 180, with a best obtainable 
resolution of 0.5 μm/voxel. Using cylinders of outer diameter 70 mm, we obtained a linear resolution of 24 μm. 
All samples were exposed to 130 keV X-rays and a beam current of 130 μA for 750 ms per projection image, and 
the rotation angle of all specimens was 360° in steps of 0.25° per projection image. During the scanning, a 0.1 mm 
Cu filter was used to filter beam hardening, which is an artifact typically hampering interpretation of μ-CT images. 
The μ-CT technique produces a stack of two dimensional (2D) projection images, similar to "shadow images", 
of the three dimensional (3D) samples. Series of high resolution images of parallel slices with a separation distance 
of 24 μm were obtained in our experiments, in total ca. 2500 for each sample. The images were stacked together to 
form 3D volumes using the Avizo software [23]. This program enables 3D visualization and segmentation of the 
volumes. 
 
3. Results 
Some selected images as obtained from μ-CT scans of the samples are displayed in Fig. 2. This figure shows that 
for the sandstone, the cement-formation bonding is best when no mud is applied – and poor when WBM or OBM 
is used on the formation interface. It is also worth noting that in the image corresponding to OBM (Fig. 2c), the 
mud has created an interface film that lights up brightly in μ-CT images. For the shale, the best cement-formation 
bond is obtained with OBM – and more debonding is observed when using WBM or no mud at the interface. 
Fig. 3 depicts partly transparent reconstructed 3D μ-CT volumes from all samples displaying rock, interface 
porosity and cement. The samples are similar in size, but there are large variations in interface porosity. Fig. 4 
shows the interface porosity after it has been isolated from the rest of the sample for all specimen. For the 
sandstone, little interface porosity is seen in the sample without mud – while substantial regions of interface 
porosity are seen when WBM or OBM is used on the interface. For shale, OBM leads to less interface porosity – 
while WBM or no mud leads to substantial interface porosity. 
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Fig. 2. Selected images recorded by μ-CT of the different samples. (a) Sandstone without mud, (b) 
Sandstone with WBM, (c) Sandstone with OBM, (d) Shale without mud, (e) Shale with WBM, (f) 
Shale with OBM. 
 
Fig. 3. The reconstructed 3D μ-CT volumes of the samples where red areas at the rock-cement interface 
represent interface porosity, i.e. cement debonding. (a) Sandstone without mud, (b) Sandstone with WBM, 
(c) Sandstone with OBM, (d) Shale without mud, (e) Shale with WBM, (f) Shale with OBM. 
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Fig. 4. The interface porosity only. (a) Sandstone without mud, (b) Sandstone with WBM, (c) 
Sandstone with OBM, (d) Shale without mud, (e) Shale with WBM, (f) Shale with OBM. 
Based on the segmented volumes of interface porosity visualized in Fig. 4, the volume fraction of the interfacial 
porosity with respect to the total sample volume was calculated as:  
 
I = v/V        (2) 
 
where v is the volume of interface pores (volumes porosity visualized in Fig. 4) and V is the total sample volume 
(volume restricted by the outer diameter of the rock cylinder). The values of I for the various investigated samples 
as calculated from (2) are summarized in Tab. 1.  
 
Table 1. Interface porosity (%) for the various well situations. 
Rock surface Sandstone Shale 
No mud 0.06 0.69 
Water based mud (WBM) 1.11 0.76 
Oil based mud (OBM) 0.35 0.13 
 
 
4. Discussion 
Wells inevitably penetrate CO2 storage reservoirs, and it is therefore important to estimate the amount of flow 
we can expect through them [24]. Based on collected field samples, the cement-formation interface has previously 
been identified as the most likely leak path for stored CO2 along wells [16]. In the present work we have 
investigated by μ-CT how the porosity at the cement-formation interface is affected by varying surface properties 
of the rock. Variation has been achieved by changing rock type and the type of mud at the interface. 
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As seen from Figs. 2, 3, 4 and Table 1, the situations displaying minimal interface porosity are different for 
sandstone and shale. For the sandstone, minimal interface porosity is obtained without the use of mud at the 
interface, while WMB and OBM both result in more interface pore volume. For the shale, minimal interface 
porosity is obtained with OBM at the interface, while no mud and WBM both result in more interface pore volume. 
For both rock types the OBM gave less interface porosity than the WBM. Even if the interface porosities in these 
analyses can be readily compared to each other, they are probably overestimated with respect to their downhole 
equivalents. This is because the cement did not set under pressure – meaning that the amount of air bubbles and 
shrinkage differs from a pressurized case [25].  
It should be clearly stated that what is quantified and visualized in the present study is the volume of interface 
pores, and not the bonding strength of the various rock-cement interfaces. Even if it is tempting to assume that 
there is a close relation between the interface porosity and the bonding strength, previously reported experimental 
work on shale indicates that the cement-formation bonding strength is drastically reduced when OBM is present at 
the interface compared to the mud-free case [9]. Our work shows more shale-cement interface porosity in the mud-
free case compared to the OBM case, indicating that bonding strength is stronger coupled to other factors than 
interface porosity. This should be elaborated in future experimental work. 
Interface permeability, on the other hand, is more likely to have a strong relation to interface porosity. The 
permeability was not measured in this study, but the dimensions of the flow channels along the interface suggest 
that the primary flow paths would be along the wellbore wall. Sandstones are generally considered as permeable 
rocks; however, as seen in figure 2, the pathway along the interface is larger in size compared to the flow paths in 
the sandstone rock matrix, and hence very probably associated with an even higher permeability or fluid 
conductivity than the sandstone itself. The variations we have observed in interface porosities (Fig. 4 and Tab. 1) 
when varying rock and mud types thereby indicate that fluid choices made already during drilling of wells are 
likely to affect the long-term leakage rates from CO2 storage reservoirs. If muds can be adapted to the rock type 
present in the region where cement is to be placed it is likely that leakage along the cement-formation interface can 
be minimized. Further experimental work should concentrate on elaborating which factors actually affect the 
development of pores at the interface, including the role of rock pore sizes, cement flow properties, interactions 
with water and chemical interactions between the materials (cement-rock, rock-mud and mud-cement). It should 
further be investigated whether e.g. spacers and filter cakes have an effect on interface porosity, and the how CO2 
exposure over time affects the pores. 
 
 
Fig. 5. A closer look at a part of the interface porosity from the sandstone sample with WBM. 
 
Our study displays that μ-CT is a powerful tool for visualizing and quantifying interface pores. As seen by Fig. 
5, which is a closer look at the interface porosity reconstruction of the sandstone with WBM, the geometry of this 
potential flow path is very complex. It consists both of isolated pores, connected pores and long spacious channels. 
A great benefit with using the μ-CT technique is that the obtained pore volumes are voxel based – and of a format 
that enables them to be readily exported to e.g. finite element method (FEM) or computational fluid dynamics 
(CFD) softwares. In this way one can obtain real quantitative measures on how interface porosity affects the 
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mechanical properties of the combined rock-cement system – or calculate the flow rates we expect through a given 
network of pores. The 3D information we obtain from μ-CT on the size, morphology and connectivity of interface 
pores is actually a prerequisite for realistic calculations of leakage rates along wells. This is due to e.g. gas 
adsorption, which will be dependent on the topology of the surface of cracks/pores. Further work will involve 
estimating the leak rates through the samples and correlating these calculations with actual measurements of 
interface permeability.  
 
5. Conclusions 
This paper presents detailed micro computed tomography (μ-CT) analyses of the cement-formation interface when 
both the rock formation type and mud type at the interface is varied. The study reveals how the formation surface 
quality affects the interface porosity, and it displays the size and morphology of the potential interface leak paths. 
The following conclusions can be drawn from our work:  
x Analyses by μ-CT are useful in order to visualize and quantify the porosity at the cement-formation interface. 
By reconstructing the interface pores in 3D one can obtain their size, morphology and connectivity. This 
information is important in order to realistically calculate the flow through them. The pore networks obtained 
by μ-CT can be readily exported to numerical modeling schemes. 
x For Castlegate sandstone, minimal cement-formation interface porosity is achieved without using mud at the 
interface between the two materials. The volume of interface pores with respect to the total sample volume is 
0.06% when no mud is used, 1.11% when water-based mud is used and 0.35% when oil-based mud is used. In 
the latter case, a hydrocarbon film is seen to be present between the cement and the formation. 
x For Mancos shale, minimal cement-formation interface porosity is achieved with the oil-based drilling fluid. 
The volume of interface pores with respect to the total sample volume is in this case 0.69% when no mud is 
used, 0.76% when water-based mud is used and 0.13% when oil-based mud is used.  
x The experiments revealed that both rock type and mud type affects the development of porosity at the cement-
formation interface, but no conclusive trends could be drawn on the actual processes giving rise to the porosity 
variations.  
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